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T h e  Polymerization of Benzene i n  a Radio-Frequency Discharge 

David D .  Neiswender 

Mobil O i l  Corporation, Princeton, N e w  Je rsey  

INTRODUCTION 

The reac t ions  of benzene i n  various types of e l e c t r i c a l  
discharges have been s tudied  by a number of researchers  over a 
span of nearly 70  years .  Reported r e s u l t s  vary widely. Several  
e a r l y  workers (1-3), using ozonizer tubes,  obtained a gummy, 
wax-like substance,  along wi th  hydrogen, acetylene and o ther  l i g h t  
hydrocarbon gases.  One of these  researchers  l a t e r  obtained a l i q u i d  
and a so l id ,  both analyzing a s  C24H25 compounds ( 4 ) .  I n  1930 Austin 
and Black (5 )  found diphenyl and a s o l i d  which they suspected t o  be 
a polyphenylene containing phenol groups. Harkins and G a n s  (6). 
using an e lec t rode less  discharge,  got  complete conversion t o  a red- 

. brown insoluble  s o l i d  analyzing f o r  (CH)x.  Davis ( 7 ) .  on t h e  o ther  
hand, obtained diphenyl,  p t e r p h e n y l ,  a r e s i n  (CgH4)x, hydrogen, 
acetylene,  e thylene and l i g h t  paraf f ins .  A 1935 U.S. paten t  (8) 
descr ibes  a discharge apparatus f o r  preparing diphenyl from benzene. 
More recent ly ,  S t r e i t w i e s e r  and Ward (9.10) obtained a 5% conversion 
of benzene i n  a microwave discharge,  t h e  products being l o w  molecular 
w e i g h t  gases ,  toluene,  ethylbenzene and phenylacetylene. S t i l l e  and 
co-workers ( l l) ,  using a r ad ie f r equency  discharge,  go t  a 10% conver- 
s i o n  t o  poly(ppheny1enes)  , diphenyl, fulvene, acetylene,  a l l e n e ,  
and methylacetylene. Vastola and Wightman ( 1 2 )  obtained a s o l i d  f i lm 
and concluded from t h e  i n f r a r e d  spectrum of t h e  f i l m  t h a t  no aromati- 
c i t y  remained i n  t h e  polymer. Jesch e t  a 1  ( 1 3 ) ,  on t h e  other  hand, 
a l s o  obtained a s o l i d  f i lm ,  b u t  i n t e r p r e t e d  i t s  i n f r a r e d  spectrum as 
suggesting t h e  presence of aromatic groups a s  w e l l  a s  o l e f i n i c  and 
ace ty len ic  unsaturat ion.  The wide d i s p a r i t y  of t h e  results c e r t a i n l y  
i n d i c a t e s  t h e r e  i s  s t i l l  much t o  be learned a b o u t  t h e  chemistry of 
benzene i n  e l e c t r i c a l  discharges.  This d i s p a r i t y  i s  probably due 
l a r g e l y  t o  widely varying reac t ion  condi t ions.  Espec ia l ly  important 
a r e  considerat ions such a s  t h e  p w e r  d i s s i p a t e d  i n  t h e  discharge,  t h e  
pressure,  e t c .  

The work descr ibed here  is an attempt t o  systematize t h e  study 
of benzene reac t ions  i n  radio-frequency discharges.  The only products 
i s o l a t e d  i n  these  r e a c t i o n s  w e r e  diphenyl,  a l i q u i d  polymer and a 
s o l i d  polymer. The polymers appear t o  be polystyrenes.  
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EXPERIMENTAL 

Apparatus and Procedure 

capac i t i ve ly  coupled t o  a c y l i n d r i c a l  pyrex flow reac to r  by means of 
two ex te rna l  copper e l ec t rodes .  An induct ively coupled tank c i r c u i t  
was used t o  match t h e  impedances of t h e  generator and the r eac to r .  
An approximate measure of t h e  p w e r  d i s s ipa t ed  i n  t h e  dipcharge was 
determined by measuring t h e  vol tage and cu r ren t  during t h e  experiments 
and making a phase co r rec t ion  for t h e  capac i t i ve  component of t h e  
r eac to r  current .  A simple schematic of t h e  apparatus is shown i n  
Figure 1. 

the  reactor  a t  various rates. Reactor pressures  from 1-20 t o r r  were 
employed. I n  most cases t h e  discharge e s t ab l i shed  i t s e l f  a s  soon as  
the  r . f .  s i g n a l  was appl ied.  I f  it d i d  not,  it was t r i g g e r e d  with a 
Tesla c o i l .  Products w e r e  co l l ec t ed  i n  a series of t r a p s ,  one a t  room 
temperature, one a t  -78OC and one a t  -195OC. 

Chemicals 
Reagent grade, thiophene f r e e  benzene (Baker) and vacuum 

d i s t i l l e d  s tyrene (Matheson, Coleman and B e l l )  w e r e  used i n  the 
discharge experiments. The helium (Matheson) had a reported minimum 
p u r i t y  of 99.995%. 

The apparatus consis ted of a 3.69 MHz radio-frequency generator 

The hydrocarbon or helium-hydrocarbon mixture was metered i n t o  

RESULTS 

Depending on t h e  condi t ions employed, t h e  r eac t ion  of benzene 
i n  t h e  r.f.  discharge r e s u l t e d  i n  e i t h e r  a complete conversion t o  a 
s o l i d  polymer or a lower conversion t o  a l i q u i d  polymer and diphenyl. 
The s o l i d  tends t o  form under condi t ions of high power d i s s i p a t i o n  
and/or low p a r t i a l  pressures  of benzene i n  t h e  r eac to r .  Conversely, 
t h e  l i qu id  polymer and diphenyl r e s u l t  under l o w  power d i s s i p a t i o n  
and/or high p a r t i a l  pressures  of benzene. 

The s o l i d  polymer, which can sometimes be observed leaving 
t h e  discharge zone as  a f i n e  smoke, depos i t s  throughout t h e  t r a p  
system, b u t  p r i n c i p a l l y  i n  t h e  d ry  ice t r a p .  When co l l ec t ed ,  it i s  
a very l i g h t ,  f l u f f y ,  near ly  white  powder which picks up a considerable 
s t a t i c  charge upon handling. Some of t h e  substance 's  physical  and 
chemical p rope r t i e s  a r e  as follows: 

1. It is  completely in so lub le  i n  water and i n  a l l  organic 

2 .  It does not m e l t  up t o  435OC. 
3.  Thermogravimetric ana lys i s  shows t h a t  t h e  polymer 

solvents  which w e r e  t e s t e d .  

undergoes a stegwise l o s s  i n  weight, w i t h  t h e  l o s s  
being complete a t  580OC. 

4. X-ray d i f f r a c t i o n  s t u d i e s  show it t o  be completely 
amorphous. 

5. The d e n s i t y  of a pressed p e l l e t  i s  1.10 g/cc. 
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Figure 1 
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6. A f r e s h l y  prepared sam l e  was found t o  have an e l ec t ron  
sp in  dens i ty  of 2 x lop7 spins/cc. 

7 .  I t s  surface area ,#(nitrogen adsorption) is 4 2  m2/g, a 
r a the r  high value f o r  an organic substance. 

8 .  I t  i s  ne i the r  thermosett ing nor thermoplastic.  
9. It chemisorbs oxygen from t h e  a i r  a t  room temperature, 

the  adsorption continuing f o r  extended peribds of time. 
10. I ts  carbon-hydrogen r a t i o  is 1:l. 

I n  those experiments which did not y i e ld  t h e  s o l i d  polymer, 
the conversion of t h e  benzene was of t h e  order  of 30%. About 5% of 
the benzene was converted t o  diphenyl: t h e  o the r  25% was converted 
t o  a l i q u i d  polymer with an average molecular weight of 617. This 
polymer, a viscous amber l i q u i d ,  was not character ized a s  completely 
as t h e  s o l i d ,  but  i n f r a red  s p e c t r a l  d a t a  i n d i c a t e  it t o  be very 
s i m i l a r  s t r u c t u r a l l y  t o  t h e  s o l i d .  

. 

D I S C U S S I O N  

Polvmer S t ruc tu re  

molecular weight, h ighly  cross-linked polymer with an i r r e g u l a r  
s t r u c t u r e .  The extreme i n s o l u b i l i t y  precludes s p e c t r a l  s t u d i e s  
r equ i r ing  so lu t ions .  It w a s  poss ib l e  t o  obtain an i n f r a r e d  spectrum 
by prepar ing  a K B r  p e l l e t  conta in ing  2% of t h e  s o l i d .  
polymer, which was soluble  i n  organic so lven t s  had an in f r a red  spectrum 
very s i m i l a r  t o  t h e  s o l i d .  

agrees best with t h e  in f r a red  da ta  and seems t h e  most l i k e l y  from a 
chemical viewpoint is a polys tyrene  type s t r u c t u r e .  I n  Figure 2, t h e  
i n f r a r e d  s p e c t r u m  of a reference polystyrene f i lm  (A) i s  compared with 
t h e  spec t r a  of t h e  s o l i d  (B), t h e  l i q u i d  (C) and a solid polymer 
obtained when a styrene-helium mixture w a s  passed through t h e  discharge 
( D ) .  The s p e c t r a  are nea r ly  i d e n t i c a l ,  t h e  only s i g n i f i c a n t  differences 
being t h e  OH absorpt ions i n  t h e  3300-3400  cm- l  range and t h e  carbonyl 
absorptions a t  about 1700 cm-l .  These bands i n  a l l  t h r e e  of t h e  
s p e c t r a  from the  discharge-derived polymers a r e  due t o  rapid oxidation 
by molecular oxygen. These bands become quite pronounced i f  t h e  
polymers a r e  allowed t o  s tand i n  a i r  f o r  a few hours. 

and l i q u i d  products i s  t h a t  t h e  l i q u i d  i s  e s s e n t i a l l y  a l i n e a r  polymer, 
while t h e  s o l i d  i s  h igh ly  cross-linked. Such a h igh ly  cross-linked 
polystyrene would be expected t o  have a lower r a t i o  of aromatic C-H 
t o  a l i p h a t i c  C-H bonds than  would a l i n e a r  polymer. Comparison of 
spectrum B or D with C i n  F igure  2 shows t h a t  t h e  i n t e n s i t y  of t h e  
C-X s t r e t c h i n g  v ib ra t ions  agrees with t h i s  expectat ion.  

t h e  NMR spectrum of t h e  l a t t e r  was examined and compared wi th  t h a t  of 
an au then t i c  polystyrene sample. As is gene ra l ly  t r u e  with polymeric 
ma te r i a l s ,  the  r e so lu t ion  w a s  q u i t e  poor and only broad bands w e r e  

The physical p r o p e r t i e s  of t h e  s o l i d  suggest t h a t  it i s  a high 

The l i q u i d  

- 

Of seve ra l  s t r u c t u r a l  p o s s i b i l i t i e s  considered, t h e  one which 

I t  is  be l ieved  t h a t  t h e  p r i n c i p a l  d i f f e rence  between t h e  s o l i d  

Because the  s o l i d  and l i q u i d  seem t o  be s t r u c t u r a l l y  similar, 
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Figure 2 .  Infrared Spectra 
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T 
A = Polystyrene f i l m  
B = S o l i d  polymer from benzene 
C = L i q u i d  polymer from benzene 
D = S o l i d  polymer from styrene  



observed. The polystyrene (10% s o l u t i o n  i n  cc l4 )  spectrum simply 
showed two broad peaks - one centered a t  6 = 1.50 due t o  a l i p h a t i c  
protons and one a t  6 = 7.08 ( w i t h  a small  companion peak a t  6 = 6.58) 
due t o  aromatic protons.  The spectrum of t h e  l i q u i d  polymer (lo”/. 
s o l u t i o n  i n  cc14) w a s  q u i t e  s i m i l a r  w i th  t h e  peaks appearing a t  
6 = 1.60 and 7.04 (no peak a t  6 = 6.58). I n  add i t ion ,  a very small 
peak a t  6 = 5.70 w a s  observed. This is probably due t o  protons on 
o l e f i n i c  double bonds, and suggests e i t h e r  t h a t  some unspturat ion is 
present  i n  t h e  polymer backbone, o r  t h a t  some unpolymerized v iny l  
groups a r e  present.  An attempt was made t o  increase t h e  r e so lu t ion  
of the NMR spectra  by using a time averaging computer on very d i l u t e  
s o l u t i o n s  of t he  polymers, bu t  the r e so lu t ion  w a s  unchanged. Though 
of l imited value, t h e  NMR d a t a  do support  a polystyrene type Structure .  
Coupled with the  in f r a red  da ta ,  it s e e m s  q u i t e  l i k e l y  t h a t  t h e  pOlyITIerS 
a r e  both polystyrenes.  

Mode of Formation of Polymer 

seve ra l  s t eps ,  t h e  f i r s t  of which i s  t h e  establishment of an 
equilibrium between benzene and acetylene: 

The most l i k e l y  route  from benzene t o  polystyrene involves 

This interconversion has  been observed i n  many high energy systems 
including e l e c t r i c a l  discharges.  I n  t h e  next s t e p ,  t h e  benzene and 
acetylene,  one o r  both of which may be i n  a r eac t ive  state, combine 
t o  give s tyrene which then  polymerizes: 

The simple l i n e a r  polymer thus  formed, l imited t o  small chains such 
a s  pentamers, hexamers, etc., would exp la in  t h e  l i q u i d  polymer 
product. 

The formation of t h e  highly cross-linked s o l i d  polymer can 
be explained by pos tu l a t ing  the formation of polyvinylbenzenes which, 
when polymerized, would y i e l d  an extensive,  i r r e g u l a r  s t r u c t u r e r  

4 .  
Highly cross-linked polystyrene 
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Both i o n i c  and f r e e  r a d i c a l  mechanisms can be w r i t t e n  t o  
expla in  t h e  foregoing r e a c t i o n s  i n  more d e t a i l ,  b u t  t h e s e  would be 
s t r i c t l y  speculat ive,  s i n c e  no d e f i n i t i v e  experimental evidence has 
been obtained. Some s o r t  of benzene ions m u s t  form as a r e s u l t  of 
i n e l a s t i c  c o l l i s i o n s  between t h e  e l e c t r o n s  and benzene molecules i n  
t h e  plasma, bu t  whether t h e s e  ions or some d e r i v a t i v e  species are 
t h e  r e a c t i v e  in te rmedia tes  i s  not known. Recently, P o t t e r  e t  a1  (14) 
have s h w n  t h a t  s tyrene ,  when p e r f e c t l y  d ry ,  does polymerize v i a  an 
i o n i c  mechanism when i r r a d i a t e d  with gamma rays.  One cah p i c t u r e  a 
s imi la r  mechanism occurr ing i n  t h e  e l e c t r i c a l  discharge.  

e l e c t r o n  spin d e n s i t y  sugges ts  f r e e  r a d i c a l  involvement. However, 
it can be questioned whether t h e  unpaired e lec t rons  arose during or 
a f t e r  t h e  polymerization react ion.  An at tempt  w a s  made t o  induce a 
s p i n  s i g n a l  i n  a f i n e l y  d iv ided  polystyrene sample by passing t h e  
so l id  through a helium discharge.  N o  s i g n a l  was detected a f t e r  t h i s  
t reatment .  

On the o t h e r  hand, t h e  f a c t  t h a t  the polymer has  a high 

I 

The question of mechanism must await  t h e  r e s u l t s  of more 
fundamental s t u d i e s  of the phenomena occurr ing wi th in  t h e  discharge.  

E f f e c t  of Reaction Variables  

condi t ions and t h e  type o f  polymer obtained, about 50 experiments 
w e r e  examined. The dependence of t h e  na ture  of t h e  product and the  
benzene conversion on r.f. power d i s s i p a t e d  per mole of benzene was 
t e s t e d  f i r s t .  Those experiments which gave a complete conversion t o  
s o l i d  polymer had an average dose of 1.9 x LO7 wa t t - sec /mole  8H. 
Those which gave a low conversion to l i q u i d  polymer p l u s  diphenyl had 
an average dose of only 7 . 0  x 106 watt-sec/mole 8H. This cor re la t ion  
wi th  dose i s  reasonable s i n c e  more energy would be required t o  
f u r n i s h  t h e  a d d i t i o n a l  ace ty lene  required f o r  cross- l inking and t o  
g a i n  t h e  complete conversion. 

A number of experiments w i t h i n  t h e  group examined w e r e  conducted 
wi th  varying proport ions of helium, neon and argon mixed wi th  t h e  
benzene. The presence of these gases  d i d  not  a l te r  t h e  cor re la t ion  
wi th  dose provided t h a t  t h e  r.f. paver d i s s i p a t e d  was considered a s  
deposi ted i n  t h e  benzene alone. This  i s  a reasonable presumption 
because t h e  i o n i z a t i o n  p o t e n t i a l  of  t h e s e  gases  is w e l l  above t h a t  
of benzene. 

I n  a n  attempt t o  f i n d  a c o r r e l a t i o n  between t h e  r e a c t i o n  

Within t h e  group of  experiments, some produced s o l i d  polymer 
a t  doses as l o w  as 4.9 x 106 watt-sec/mole 8H, b u t  w i t h  reduced 
conversions.  This sugges ts  tha t  whi le  t h e  dose does correlate with 
t h e  conversion obtained, it alone does not determine the product. 
It  is evident  t h a t  t h i s  system w i l l  require addi t iona l  inves t iga t ion  
t o  understand how t h e  products  form. 
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